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INTRODUCTION 

A loss of coolant accident  (LOCA)  is defined as a failure of the 
reactor coolant system resulting in a partial or complete releafie of 
coolant to the containment vessel,  thereby interrupting the normal mech- 
anism for removing heat from the reactor core.    If emergency coolant were 
not provided, clad and fuel melting would eventually occur as a result 
of residual heat generation In the fuel and possible metal water and 
other chemical reactions.    The purpose of the Emergency Core Cooling 
System (ECCS) is to provide adequate core cooling for the period imme- 
diately following a break and to assure that the core is recovered 
and remains covered so that the residual heat can be removed. 

The present MH- 1A Emergency Core Cooling System consists of an emergency 
coolant injection tank and two high pressure coolant charging pumps. 
Emergency operation of the Injection tank and one coolant charging pump is 
initiated by a coincident signal of low pressurizer pressure and high 
containment building pressure.    Cooling water from the injection tank is 
delivered through a check valve to the reactor vessel downcomer region 
when the pressure in the Inlet plenum drops below approxiaately 240 psia. 
Driving head for this injection consists of a regulated gas pressure 
within the injection tank plus the elev^-ion head.    The injection tank is 
designed to recover the core by bottom flooding within approximately ten 
minutes.    The coolant charging pumps serve to make up coolant lost due to 
a small leak or as a result of boil-off after recovering of the core and 
provide long term emergency cooling to remove decay heat.    Table 1 summarizes 
the characteristics of these systems which are described in more detail 
in Appendix A and References 3 and 5. 

This report evaluates the effectiveness of the present MH-1A ECCS 
during a postulated loss of coolant accident and presents information to 
establish the required performance of a system meeting the AEC's "Interim 
Acceptance Criteria for Emergency Core Cooling Systems"  (Reference 1) published 
in the Federal Register June 29,  1971.    All calculations were performed In 
accordance with the AEC evaluation model Appendix A, Part 1 of the above 
reference using the recommended computer codes RELAP-3 (Reference 7) for 
reactor blowdown calculations and THETA 1~B (Reference 8)  for the fuel 
element heat up transients.    Analyses reported herein cover break sizes 
from CIS ft2 up to the double ended severance of the largest reactor 
coolant pipe.    The analyses were performed at  110 percent of rated power 
(49.5 MWt) and at a peak linear heat rate of 21.1 kw/ft. 

L01-04 1 9 November   19 7: 



TABLE 1 

SIMMABY OF MH-1A EMERGENCY CORE COOLING SYSTEM CHARACTERISTICS 

Coolant Charging Pumps 

Number of pumpd 
Capacity per pump 
Actuation (coincident) 

Emergency power source 
Startup delay for dlesel 

Point of Injection 
Coolant source 
Capacity of tank 

2 
8.5 gpm 

/High cout. pressure (1/2) 
| Low pressurlzer press (1/2) 

Diesel generator 
^ 30 sec 

Reactor Vessel downcomer 
Emergency water storage tank 
10,000 gallons 

Etaergency Injection System 

Number of Injection lines 
Emergency Injection tanks 
Method of injection 
Operating pressure 
Injection tank capacity 
Minimum emergency coolant 
Coolant temperature 
Check valves In injection 

line 
Isolation valves in injection 

line 
Isolation valves in nitrogen 

pressurizing line 
Method of actuation 

(coincident) 
Design injection rate 
Point of injection 

1 
1 
pressurized gas 
240 psia 
2600 gal 
1000 gal 
85° F 

{High cont. pressure (1/2) 
Low Pressurlzer press (1/2) 
^ 100 gpm 
Reactor Vessel downcomer 

L01-05 9 Novei* er 1972 



II-    SUMMARY AND CONCLUSIONS 

The perfomaace of the ECCS presently Installed at the MH-1A has 
been analyzed for large and intermediate size breaks within the reactor 
primary system using the methods and assumptions specified in the AEC 
Interim Policy Statement on Emergency Core Cooling Sysceus (Reference 1). 

The parameters used in the analyses are consistent with the data 
reported in the MH-1A SAR (Reference 3) and MH-1A Core 4 Nuclear Analysis 
(Reference 9).    Table 2 suanarlzes the MH-1A thermal parameters related 
to the LOCA.    The computer programs and methods used in analyzing the 
effecti'veness of the ECCS are discussed in Section IV.    The major input 
parameters and additional data developed for the LOCA analysis are reported 
in the Appendices A through H and the results of the analyses for the 
present system are given in Section V.    Based on these results it is 
concluded that the criteria identified in Section IV-A of the AEC Interim 
Policy Statement are not met by the present MH-1A ECCS.    Further parametric 
analyses were performed to establish the basic performance criteria neces- 
sary for the improvement of the ECCS to meet the AEC interim criteria. 
The main conclusions regarding the improvement of the MH-1A ECCS as a 
result of these analyses are discussed in Section VI. 

TABLE 2 

SUIflAR7 OF MH-1A THERMAL DESIGN PARAMETERS 

Thermal power rating, MWt 45 
Number of fuel assenfclles 32 
Fuel rods per assembly 104 
Cladding outside diameter, in .507 
Fuel pellet diameter, in .4565 
PueA rod pitch, in .654 
Clad-lng material 348 stainless steel 
Average fuel specific power 

kw/kg of 1102 13-6 
kw/ft of rod 4.35 

Adlabatic heating rate of fuel 
at average specific power "F/sec 66.5 

Average rod power, kw 13.1 
Peak to average beat flux ratios 

Axial 1,98                                                                               i 
Radial 1.95 
Total 3.86                                                                            I 

Average fuel temperature at I 
highest heat flux position, 0F 2510                                                                                J 

Core average fuel temperature at * 
rated power, 0F 1060 

I 
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III.     CONFORMANCE WITH AEC   IXTERIH Pi»LICY STM 

A.    GEXEBAL 

The analysis of the KH-1A LOCA was perforaed in accordance with the 
AEC Policy Stateaent for eoergency core cooling systems  (Reference 1). 
The criteria for the acceptance of the ECCS as contained in the AEC 
policy stateaent axe aet if the results of the LOCA are limited as  follows: 

"1.    The calculated maximum fuel element cladding temperature does 
not exceed 2300oF.    This limit has been chosen on the basis of 
available data for eArlttleaent and possible subsequent shattering 
of the cladding.    The results of further detailed experiments 
could be the basis for future revision of this limit. 

2. The amount of fuel element cladding that reacts chemically 
with water or steam does not exceed 1 percent of the total amount 
of cladding in the reactor. 

3. The clad tenperature transient is terminated at a time when 
the core geometry is still amenable to cooling, and before the 
cladding is so embrittled as to fail during or after quenching. 

4. The core temperature is reduced and decay heat is removed for 
an extended period of time, as required by the long-lived radio- 
activity remaining in the core." 

This section discusses the applicatirn of the AEC evaluation model 
contained in Appendix A, Part I of the Interim policy statement to the 
analysis  of MH-1A ECCS and summarizes the analytical procedures and 
assumptions used in the evaluation model. 

The analyses were performed for the entire break spectrum, from 0.18 
ft2 up to and including the double-ended severance of the largest pipe 
of the reactor coolant pressure boundary.    Various break sizes and locations 
were analyzed to Identify the most severe case.    Table 3 summarizes the 
spectrum of breaks analyzed.    Evaluation of the present MH-1A ECCS in 
terms of the single failure criterion is discussed in Referenct 5. 

In accordance with the AEC evaluation model the analyses were performed 
In three parts consisting of system blowdown, refill and reflooding, and 
core heat up phases.    The thermal hydraulic calculations during blowdown 
were performed using the RELAP-3 conputer program.    Four nodes were used 
to describe the reactor core, nine nodes  for  the primary side of the steam 
generator and one node for the containment.    The reflood transient was 
performed using a series of engineering calculations and the fuel element 
heat up calculations were performed using the THETA 1-B computer code.    Six 
radial fuel nodes,  two radial cladding nodes and eleven axial fluid nodes 
were used. 

L01-07 4 9 Novtrnb. T   1«V 



TABLE 3 

BREAK SPECTRUM FOR MH-2A LOSS OF COOLANT ANALYSIS 

1. Double-ended hoc leg break (guillotine) 

2. Double-ended bot leg break (slot) 

3. Single-ended hot leg bxeak (slot) 

4. Double-ended break at the puop discharge  (guillotine) 

5. Double-ended break at the puBf> discharge (slct) 

6. 0.6 Double-ended break at the pu^> discharge (slot) 

7. 0.6 Double-ended break at the pmp inlet  (slot) 

8. 0.5 ft2 Break at the puop discharge  (slot) 

9. 0.18 ft2 Pressurizer surge line break 

B.    ASSIMPTIOMS AND PBOCEDDRES 

The assumptions and procedures specified with respect to the AEC 
evaluation model are repeated below along with the section in this report 
in which their application to the MH-1A analysis is discussed: 

"1.    Pump model - The pump resistance, K, used for analysis should be 
fully justified.    The effect of pump speed upon K 
should be considered.    The more conservative of 
two assumptions  (locked or running) should be used 
for the pump during the blowdown calculation (Section 
IV-B-4). 

"2.    Break characteristics - For large breaks in the range 0.6 to 1.0 
times the total area of the double-ended break of 
the largest cold-leg pipe, two break models should 
be used.    The first model should be the double- 
ended severance  (guillotine), which assumes chat 

f there is break flow from both ends of the broken 
pipe, but no conmun'.cation between the broken ends. 
The second model should assume discharge from a 
single node  (split)   (Section IV-B-2). 

L01-08 5 9 November  1972 



"'3. A break discharge coefficient (CQ) of 1,0 should be used for 
all break sizes (Section IV-B-2). 

"4. Decay heat - The decay heat curve described in the proposed ANS 
Standard, with a 20 percent allowance for uncertainty, 
should be used. Hie fraction of decay heat generated 
in the hot rod should be considered to be 100 percent 
of this value unless a smaller value is justified 
(Section IV-D-5). 

"5. Time to departure from nucleate boiling - use any calculated 
option in the code (Section IV-D-3). 

"6. Heat transfer after departure from nucleate boiling - use pro- 
grammed transition boiling correlation option 
(Section IV-D-3). 

"7. Film boiling heat transfer - use Groeneveld correlation (equation 
5.7 of AECL - 3281, Decenber 1969 (Section IV-D-3). 

"8. Metal-water reaction rate - use the Baker-Just equation, with a 
coefficient of 1.0 (Section IV-D-8). 

"9. Core flow - use 0.8 je RELAP smoothed flow at the junction which 
is entering core. If flows are opposed, use zero 
flow (Section IV-D-4). 

"10. Enthalpy and pressure - use entering plenum conditions (Section 
IV-D-4). 

"11. Accumulator bypass - for cold leg breaks, all of the water Injected 
by the accumulators prior to end-of-blowdown shall 
be assumed to be lost. In this context the end-of- 
blowdown shall be specified as the time at which 
zero break flow is first computed (Section IV-B-6). 

"12. Reflood - A calculation for the reflooding heat transfer should 
be performed. The containment back pressure assumed 
for the analysis should not be higher than the 
initial pre-break pressure plus 80 percent of the 
increase in pressure calculated for the accident 
(Section IV-C). The following items should be 
constraints on the calculations: 

"a. No steam flow should be permitted in intact loops during the 
time period that accumulators are Injecting. 
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"b. Core exit quality slould be calculated from entering mass 
flow rate and nominal FLECHT heat transfer. 

"c. Pump resistance, K, should be calculated on the basis of a 
locked rotor. 

"d. The effects of the nitrogen gas in the accumulator, which is 
discharged following accumulator water discharge, should be 
taken into account in calculating steam flow as a function 
of time. 

"e. The pressure drop in the steam generator should be calculated 
with the existing fluid conditions and associated loss 
coefficients. 

"f. All effects of cold Injection water, in either a hot or cold 
leg, on steam flow and AP, should be included in the calculation. 

"g. The heat transfer coefficient during reflood should be derived 
from FLECHT data." 

L01-10 7 9 November 1972 



IV.     METHOD OF ANALYSIS 

A. GENERAL 

The nuijor events occurring during a LOCA are (1) systtm depressurization, 
(2) emergency coolant Injection and core reflooding and (3) fuel and clad- 
ding heat up until core cooling becomes effective. The analysis considers 
each of these three aspects during the accident. First, the blowdown cal- 
culation determines the primary system hydraulic response and core power 
transient during system depressurization. This analysis provides input 
for the calculation of the core cooling during blowdown and basic informa- 
tion regarding the operation of the safety injection system. The blowdown 
analysis is performed vlth the RELAP-3 computer program. A reflooding 
analysis Is initiated at the end of blowdown which considers rate of 
coolant injection, core reflooding rate, and heat transfer rates following 
blowdown. The core temperature transient Is then analyzed with THETA-IB 
to determine the cladding temperature response and the extent ef metal- 
water reaction. Input for this analysis is determined from the blowdown 
and reflooding analyses. 

B. BLOWDOWN CALCULAIIOH 

The RELAP-3 computer program (Reference 7) is used to calculate the 
behavior of the primary system during subcooled and saturated blowdown. 
The code calculates transient pressures, flow rates, enthalpies and mass 
Inventories throughout the primary system, and determines the core power 
transient and energy removal rates during system depressurization. The 
code employs a one dimensional analysis of the entire reactor loop re- 
quiring a geometric description In terms of a series of volumes and junctions. 
Pump characteristics, core and steam generator heat transfer, reactor 
kinetics, and emergency Injection are Included In the model. 

Before the break occurs, the plant is assumed to be operating in an 
equilibrium condition with a system pressure of 1500 psia, a reactor coolant 
outlet temperature of 5320F, aad  a primary coolant flow rate of 3.88 x 106 

ib/hr (9750 gpm). A reactor power level of 110 percent of rated power is 
assumed for all cases. 

1'    Primary System Representation.  In the RELAP-3 model for the MH-1A, 
the primary system is divided into nodes with flow paths connecting the 
nodes. The reactor vessel downcomer region is represented by an annulus 
extending from the upper plenum region to the bottom of the inlet plenum. 
The lower plenum connects to the downcomer region and extends up to the 
bottom of the active fuel. The active core, region is divided into four 
nodes of equal volume. Each volume is initialized at the proper fluid 
temperature based on the assumed power distribution. The power input to 
each of the axial core regions is based on Che relative power generated 
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in that region and the segment length.    The upper plenum and hot  leg are 
each represented by separate nodes.    The primary side of the steam genera- 
tor is represented by nine nodes;  one node represents the steam generator 
inlet plenum and another the outlet plenum.    Seven nodes represent  the 
active heat transfer portion of the steam generator tubes.    The cold leg 
is represented by a node in which the primary coolant pumps are  located. 
Additional nodes are assigned for the pressurizer, pressurizer surge line, 
and containment.    A fill junction is provided in the reactor vessel down- 
comer to simulate emergency coolant injection.    Figure 1 shows the repre- 
sentation for the single ended hot leg break.    Other models are similar 
except for break type and location.    Further details of the primary sys- 
tem representation are discussed in Appendix A. 

2. Break Characteristics.    The limiting mass flow through the break 
junction in RELAP-3 is defined by Moody's two-phase choked flow model 
(Reference 10).    The flow through the junction is chosen as the smaller 
of the inertial flow or the choked flow.    For choking to occur the con- 
tainment pressure must be less than the throat pressure.    A discharge 
coefficient of 1.0 is used in RELAP-3 for all break sizes. 

TWo break models were used for the analysis of large breaks.    The 
first model was a double-ended severance of the pipe (guillotine), which 
assumed that there was break flow from both ends of the pipe but no 
communication between the broken ends.    This type of break was simulated 
by assuming leakage from the adjacent nodes with a valve in the junction 
joining them.    This valve is closed at the time the break occurs.    The 
second model assumed discharge from a single node (slot). 

3. Reactor Trip.    Reactor trip setpoints with appropriate instrument 
delays to the beginning of rod motion can be Included in the RELAP-3 
model.    For the LOCA, reactor trip was assumed to be initiated by low 
pressurizer. pressure signal (1250 psia including error) with a .500 second 
delay to rod Insertion.    However, reactor shutdown due to voids occurred 
in general before control rod motion was initiated,  for the break sizes 
analyzed. 

4. Pump Representation.    The pump head versus flow curve for the 
primary coolant pumps input into RELAP-3 was established from the manufac- 
turer's test data on the as-built pumps.    The test data was used to develop 
a nominal speed characteristic curve for the range of flow encountered 
in the LOCA.    At flow rates greater than the flow corresponding to zero 
pump head,  the pump head was conservatively assumed to be zero.    Flow 
coastdown following a pump trip was approximated with a pump coastdown 
multiplier consistent with the loss of flow transient reported in Reference 
11.    Pump input data is discussed In Appendix C. 
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The effect of pump assunytions  on  ihe core heat   removal rate 
during bio/down was evaluated.    The most conservative assumptions are 
chose whici result In the least pump resistance and hence the most rapid 
blowdotfn.    For all cases except  the cold leg break at  the pump inlet, 
the pumps were assumed to remain running with the pump head following 
the characteristic curve until cavitation occurred.    Zero punp head 
occurred after cavitation.    For the break at the pump inlet the pumps 
were assumed to trip at the time the break occurred due to loss of off- 
site power.    After coastdown the resistance corresponding to a free spinning 
rotor was assumed.    Comparison of results indicates that the assumption of 
pumps running is conservative, resulting in higher fuel temperatures at 
the end of the blowdown. 

5. Reactor Kinetics.    Reactor power during blowdown is determined 
from the standard point kinetics equations, using six delayed neutron 
groups as programmed into RELAP-3.    The value of ß*/i*,  the effective 
delayed neutron fraction over pronpt neutron lifetime, for MH-1Ä is pro- 
vided.    Nonlinear Doppler feedback in the form of reactivity versus fuel 
temperature is input into RELAP-3 along with constant moderator temperature 
and void reactivity coefficients corresponding to BOL conditions.    The 
primary shutdown mechanism during the LOCA is void formation in the core. 
For conservatism the calculated void reactivity coefficient is reduced by 
25 percent to account for uncertainties.    The spatial distribution of the 
moderator temperature and void reactivity feedback is assumed to be pro- 
portional to the product of the square of the axial power shape and the 
fraction cf core voluiae  in each  regloii. 

Heat generated during blowdown is calculated from the fission and 
residual heat-generation in the core in RELAP-3.    A heat balance is per- 
formed in each v".xial region.    Heat transfer rate is determined based on 
correlations built into RELAP-3 and calculated local conditions. 

6. Safety Injection.    A provision for safety injection into the 
tractor \essel downcomer region was Included in the MH-1A model.    A constant 
flow rate of 100 gpu was assumed consistent with the design vilue for the 
injection system.    For cold leg breaks, it was asoumed that ail water 
injected prior to the end of blowdown was lost out of the break.    In this 
context the end of blowdown was t iken as the time when zero break flow 
was first computed.    This assumption has negligible effect on the blowdown 
in the MH-1A because coolant injection on the order of 100 gpm is insigni- 
ficant compared to the blowdown flow rates for large breaks.    Details of 
the present injection system design are presented in Appendix A. 

C. REFILL CALCULATION 

1*    General»    The refilling phase of the LOCA is begun at the end of 
blowdown which is defined as the time when zero break flow is first conputed. 
In the case of a guillotine break, zero break flow must be computed from 
both ends of the break before the end of blowdown is assumed.    After 
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receiving an actuation signal, refill from emergency injection tank is 
initiatsd when the reactor Inlet plenum pressure drops below 240 psla. 
However, in accordance with the AEC interim criteria, all coolunt injected 
prior to the end of blovdren is assumed lost out of the break. After the 
end of blowdown the coolant Is assumed tc be delivered to the reactor 
vessel inlet plenum. The water remaining in the dowccomer region below 
the inlet nozzle and in the lower plenum region after blowdown is con- 
servatively neglected. Refill is continued until the coolant reaches 
the bottom of the core and steam is generated by the hot fuel rods causing 
a pressure buildup in the core and retarding the inlet flooding rate. 
Heat transfer is evaluated for the hot fuel rods during the steam cooling 
period after blowdown when the core Is uncovered. After core re flooding 
is initiated heat transfer coefficients from the FLSCHT data (Reference 12) 
can be used. 

2. Vessel Refill. Driving head for the refill injection is provided 
by the difference between the nitrogen pressure in the tank and the reactor 
vessel back pressure. The rate of coolant injection depends cm the magni- 
tude of the driving head and pressure losses in the piping between the 
injection tank and reactor vessel downcomer. The gas pressure in the 
tank is applied by a series of gas bottles and is regulated such 
that the pressure remains constant during the period of injection. The 
nominal design injection rate Is 100 gpn based on an assuaed containment 
back pressure of 155 psia. The lower containment pressure calculated by 
RELAP-3 after a LOCA should result in a higher coolant injection rate. 
Figure 2 shows the refill times in terms of the emergency injection flow 
rate. This curve is based on the reactor vessel volumes and a constant 
coolant injection rate. Boll off due to heat transfer from the reactor 
vessel walls and hot internals is not included in the calculations. 

An estimate of the maximum tenperature rise of the coolant during 
refill was made based on the stored energy in the metal below the core 
region and the coolant volume. Assuming complete mixing of the coolant, 
the equilibrium temperature between the coolant and the reactor vessel metal 
was determined to be 1850F with an Initial metal temperature of 500oF and 
an Initial water temperature of 850F. Therefore, although local steam 
generation would occur as the result of quenching of the hot metal surfaces 
of the reactor vessel, the bulk coolant temperature would remain below the 
saturation temperature (approximately 340oF) while the coolant level is below 
the active core region. For rapid refilling rates, a relatively small 
temperature rise in the bulk coolant would be expected. This is desirable 
because increased subcooling of the water improves the flooding heat transfer. 

3. Core Reflooding. Until the water reaches the bottom of the core, 
the water levels In the downcomer region and lower plenum beneath the core 
are equal. After the coolant level reaches the bottom of the core heat is 
transferred from the hot fuel rods to the coolant. Initially, the heat 
transferred serves to remove the subcooling of the water entering core 
and the core flooding rate is the same as the vessel flooding rate. 
However, in a short period of time the hot fuel rods begin to generate 
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steam in the core regiun which oust be venced to the containment.  For 
the hot leg breaks this steam is vented directly out the break fr-.-m ehe 
upper plenum region, having negligible effect on the core flooding rate. 
However, for the cold leg break the steam generated in the core region 
must pass through the entire loop before being vented to containment out 
the break. The flooding rate is thus limited by the resistance of the 
loop to steam flow. 

The pressure drop along the flow path relieving steam after the 
cold leg break is calculated based on an equivalent loss coefficient for 
the loop corrected for existing fluid conditions. The reactor coolant 
pump rotors are assumed to be locked and effects of superheating in the 
steam generator are considered. The effect of steam binding tends t< 
reduce the core flooding rate, resulting in Increased cladding tempera- 
tures. The flooding rate during the steam binding period is a function 
of the elevation head between the water levels in the downcomer and core 
regions, the loop resistance, and the fraction of the inlet flow rate 
which is vaporized and must be relieved. 

For the purpose of calculating the relievable steam flow rate, 
the water level in the downcomer is assumed to have reached the bottom 
of the inlet nozzle and the driving force for the steam venting Is assumed 
to be the elevation head in the downcomer region above the coolant level 
in the core. Table 4 shows the loss coefficients used in determining 
the loop equivalent loss coefficient. The relievable steam flow rate 
defined in terms of the equivalent loss coefficient is expressed as follows: 

Ws
2 - 2g Ps(P£ %) 

where:    Ws = relievable steam flow, lb/sec 

HD * downcomer elevation head,  ft 

Pj^ ■ downcomer coolant density,  lb/ft3 

ps = saturated steam density, lb/ft3. 

g » gravitational constant, ft/sec2 

A » primary pipe flow area, ft2 

K » equivalent loss coefficient 
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TABLE 4 

LOSS OOEFFICIEOTS FOR MH-IA COLD LEG STEAM VENTING CALCULATION 

Normal Saturated Superheated 
Operation Steam Steam 

1.62 1.62 1.62 

3.68 4.67 5.79 

  6.10 7.56 

  .98 1.20 

Upper Plenum to steam generator inlet        1.62 

Steam generator inlet to break 

Pumps  (locked) 

Expansion loss to containment 

TOTAL equivalent K 5.30 13.37 16.17 

The following assuoptlons are made in calculating the system 
loss coefficient and relievable steam flow rate: 

a. The reactor coolant pump rotors are locked. 

b. Steam passing through the steam generator is superheated to 
500°F. 

c. The coolant leaving the core is saturated steam. 

d. The containment back pressure is equal to the initial pre- 
break pressure plus 80 percent of the increase in pressure calculated for 
the accident. 

e. The emergency injection flow does not affect the relievable 
steam flow or pressure drop because the injection does not occur in the 
steam venting flow path and therefore, no flow blockage Is assumed. 

f. The additional driving pressure for core reflooding caused 
by nitrogen discharge into the inlet plenum after the injection tanks 
are empty is conservatively neglected. 

Figure 3 shows the relievable steam flow rate for the cold leg 
breaks at the pump discharge.    The actual core flooding rate would depend 
upon the fraction of coolant entering tue core which Is vaporized and must 
be relieved.    This effect should be calculated based on the nominal flooding 
heat transfer data from Reference 12.    For the purpose of estimating steam 
limited core flooding rates It was assumed that 60 percent of the coolant 
entering the core was vaporized or entrained.    Based on this assumption,  the 
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steam United flooding rate would be approxiraately 0.75 in/sec.     It should 
be pointed out that a significant portion ot the core may be recovered 
before steam generation causes a reduced flooding rate.    In the MH-1A 
the hot spot at BQL occurs at  approximately 8 inches above the bottom of 
the core.    This would probably be effectively cooled before steam limiting 
cculd occur.    Therefore, the most important factor during the refill 
phase appears to be the extent of core cooling during the period of time 
from the end of blowdown to the time the injection water reaches the bottom 
of the core.    Heat transfer during this period is discussed in Section VI-A 
with respect to the required Emergency Core Cooling System performance. 

D.     FUEL TEMPEBATURE TRANSIENT 

1. General.    The fuel arid cladding tenperature calculations are performed 
with the THETA1-3 computer program (Reference 8).    This program solves the 
two dimensional transient heat conduction equations in the fuel rod and 
one dimensional conservation of energy equations for the associated coolant 
channel.    The surface heat transfer model in THETA1-B provides the boundary 
conditions required during the solution of the fuel rod and coolant equations. 
The required input Includes coolant channel flow, primary system pressure, 
core power generation and coolant enthalpy versus time as obtained from 
RELAP-3.    Following blowdown, the heat transfer coefficient versus time 
during reflooding is input.    Heat generation in the clad due to metal water 
reaction is also Included in the model.    This section discusses the basic 
assumptions and methods adopted in using THETA1-B for the analysis of the 
fuel and clad temperature transient. 

2. Fuel Red Representation   The fuel rod in THETA1-B is represented 
by six equal thickness radial regions in the fuel,  two regions in the clad- 
ding and eleven axial regions in the coolant.    Heat transfer in the axial 
direction is assumed in the cladding, but is conservatively neglected in 
the fuel.    The gas gap between the fuel and cladding is treated as a heat 
conducting path with negligible heat capacity.    The gap conductance is 
calculated based upon differential expansion of the fuel and cladding and 
the thermal conductivity of the gas.    The initial steady-state fuel tem- 
perature distribution in THETA1-B is consistent with the MH-1A Core 4 
calculated temperature distribution at the hot spot  (Reference 13). 

3. Heat Transfer Coefficients During Blowdown.    During the blowdown 
portion of a LOCA the fuel rod surface experiences rapidly changing conditions 
of flow, pressure, quality, and    ^mperature.    The heat transfer regime and 
surface heat flux are determined    n THETA1-B on the basis of local fluid 
conditions and cladding surface temperature.    The heat transfer regimes 
which could be encountered during a LOCA, and the corresponding correla- 
tions used in THETA1-B, are listed in Table 5.    Except for the stable film 
boiling regime, these are the conelatlons recommended in the THETA1-B 
report.    For film boiling heat transfer the Groeneveld correlation  (equa- 
tion 5.7 of AECL-3281, Decenfcer 1969, Reference 14) was used.    The time to 
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departure from nucleate boiling was calculated using the recommended 
critical heat flux option in the code and heat transfer after departure 
from nucleate boiling was calculated with the programmed transition 
boiling correlation. Further details of the heat transfer model in 
THETA1-B are discussed in Reference 8. 

TABLE 5 

HEAT TRANSFER CORRELATIONS DURING BLOWDOWN IN THETA1-B 

Heat Transfer 
Regime Correlation Reference 

1. Forced convection in 
subcooled liquid 

2. Nucleate boiling 

3. Forced convection 
vaporization 

4. Transition boiling 

5. Stable film boiling 

6. Pool film boiling 

7. Forced convection in 
superheated steam 

8. Critical heat flux 
correlations 

Dittus-Boelter 15 

Thom 16 

S chrock-Gros sman 17 

McDonough, Milich and King 18 

Groeneveld  (equation 5.7) 14 

Berenson 29 

Dittus-Boelter 15 

Combination of B&W-2 19,20,21 
Bamett and Modified Bamett 

4.    Hot Channel Input Data.    The boundary conditions used in solving 
the fluid energy equations In THETAl-B are the sysiem pressure,  flow rate, 
and enthalpy of the coolant entering the core arid the fuel rod surface heat 
flux.    The first three of these boundary conditions are obtained directly 
from RELAP-3.    If the core flow at the upper and lower core junctions In 
REl,AP-3 is in the same direction then 0.8 of the RELAP-3 smoothed flow at 
the junction entering the core is used.    If the flows are opposed, a stag- 
nation point in the core is assumed and zero flow Is used.    The pressure 
and enthalpy used in THETAl-B are the entering plenum conditions obtained 
from RELAP-3.    The heat flux at the fuel rod surface is computed by the 
heat transfer routines. 

LO2-06 15 9 November 1972 



5. Reactor Power.    The reactor power in the fon? of  internal heal 
generation as a function of time is input to THETA1-B.    The normalized 
power calculated in RELAP-3 from the kinetics equations considering the 
various reactivity feedback effects is used until shutdown to the residual 
level occurs.    Then the decay heat curve described in the proposed ANS 
Standard (Reference 22)  is used.    This curve is increased by 20 percent 
to account for uncertainties and includes an additional allowance for heat 
generation due to heavy element decay.    The fraction of decay heat generated 
in the hot fuel rod is considered to be 100 percent of this value. 

6. Core Power Distribution.    The MH-1A Core 4 axial power distribution 
having a maximum axial peak of 1.98 was assumed in THETA1-B.    The Core 4 
radial peaking factor of 1.95 was assumed resulting in a maximum three 
dimensional nuclear peaking factor of 3.86.   An additional 10 percent 
uncertainty in the nuclear power distribution was assumed and a 3 percent 
uncertainty due to fabrication and engineering tolerances was added.    This 
results in a peak linear heat rate of 19.1 kw/ft rated power and 21.1 kw/ft 
at 110 percent power. 

7. Fuel Rod Properties.    The variation of conditions in the core during 
a loss coolant accident requires a knowledge of the high temperature physical 
properties of the core materials.    Property data Including heat capacity, 
thermal conductivity, density and mean thermal expansion over the range of 
temperatures encountered during a LOCA are incorporated into THETA1-B 
consistent with the information reported in Reference 23.    The thermal 
conductivity for the cladding was taken as th^ recommended value for 
stainless steel with a 5 percent uncertainty.    The cladding heat capacity 
was determined from the weighted contributions of the principal constituents 
of the stainless steel alloy.    The property data for the UO2 fuel used in 
the analysis is consistent with the irradiated ÜO2 data reported in Reference 
23.    Further details of the materials property data In THETA1-B are presented 
in Appendix F. 

8. Metal Water Reaction.    Transient clad surface temperature and amount 
of stainless steel reaction Is determined for a spectrum of peaking factors 
from the THETA1-B code.    The stainless steel-steam reaction rate was conserva- 
tively taken as 100 percent of the value determined from the parabolic rate 
law (assuming no steam limiting).    The rate equation Incorporated into 
THETAl-B is discussed in Appendix G.    The fraction of the core associated 
with a given 3 dimensional peaking factor is determined by combining the 
output of the two dimensional radial peaking factor with the design axial 
jiower distribution to give the core wide power peaking distribution.    The 
fraction of the core associated with a given peaking factor is then combined 
with the fraction of metal water reaction for a given peaking lactor to 
establish the percent metal water reaction in the core. 
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RESULTS 

Analyses were performed for the full range of break sizes shown in 
Table 1 using the conservative assumptions and procedures described in 
Section IV. The blowdown portion of the analysis was carried out to  ehe 
time when zero break flow was first conputed. Information regarding the 
performance of the ECCS and the variation of significant parameters during 
blowdown was obtained. Results for each of the cases are sucnarlzed in 
the form of curves of significant parameters as a function of time. The 
fuel temperature transient during blowdown and during the initial phase 
of core heat up was calculated for the hot fuel rod using THEIA1-B. Several 
representative cases are discussed In detail and the effect of continued 
cote heat up with no emergency cooling is evaluated. Results of this 
analysis are used to Identify the most severe break condition and determine 
the minimum time for core cooling to become effective. 

A.  BLOWPOWK 

The sequence of events occurring during the sübcooled and saturated 
phases of blowdown of the primary system were calculated using RELAP-3. 
The results of these analyses for the spectrum of break sizes and locations 
are simmarized in Figures 4 through 12.    These curves plot the variation 
of important parameters during the depressurization including the break 
flow rate, the system pressure, reactor power, core flow rate, and inlet 
enthalpy as a function of t  me.    For the cold leg breaks in which the flow 
rate through the core reverses, the upper plenum conditions are presented. 

As shown in the figures,  the system is rapidly depressurized immediately 
after the break uatil the vapor pressure of the coolant is reached.    During 
this subcooled phase pressure waves are propagated through the system at 
the speed of sound resulting In significant pressure differentials across 
system components.    Figure 13 and 14 show the calculated core pressure drop 
as a function of time for the breaks at the inlet and outlet of the reactor 
vessel indicating that pressure differentials between 80 and 90 psi < an 
occur momentarily across the core.    However,  the pressure osclllatioi     are 
quickly damped due to the formation of voids in the system.    Within 
approximately 0.02 seconds the initial subcooled depressurization is com- 
plete and saturated blowdown comnences with choked flow occurring at the 
break location.    The core power level is rapidly reduced due to formation 
of voids in the core region and the flow rate stabilizes and decreases. 
Reactor scram due to low pressure occurs after approximately two seconds, 
being delayed by the blowdown of the pressurlzer liquid volume through the 
surge line.    Heat  transfer In the core during blowdown continues at  a hijth 
rate until the critical heat flux is reached at which time a significant 
reduction in heat transfer at the clad surface occurs.     For large breaks  in 
the MH-1A the period of effective core cooling Is  from three to  five seconds 
and the blowdown is essentially complete after ;ipproxin;.ii fly si\ sei-.ids. 
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Table 6 shows the times at which significant events occur during the 
blowdown as calculated by RELAP-3.    The table iucludes the tine at which 
zero break flow is first coaputed, the titaes at which low pressurizer pres- 
sure and high containaent pressure actuation signals are initiated,  and 
the time at which the pressure in the inlet plenur. drops below the pressure 
in the safety injection tank permitting the flow of emergency coolant into 
the vessel.    As shown in Table 6, the delay in the receipt of the safety 
injection actuation signal from the pressurizer is the controlling signal 
for safety injection for large breaks.    The high containment pressure set- 
point is reached shortly after the breaks occurs.    Actuation of the valves 
in the nitrogen pressurizing and safety injection lines and flow of coolant 
in the piping from the check valve to the Injection point would be a source 
of additional delay. 

The values of various calculated parameters at the time when zero break 
flow first occurs are shown in Table 7.    The results of the calculation 
with RELAP-3 as shown Indicate that from 96 to 98 percent of the initial 
primary system coolant is lost out of the break by the end of blowdown and 
the liquid mass remaining in the reactor inlet plemm below recirculatlon 
nozzles is a small percentage of the initial inlet plenum volume.    These 
results are consistent with experimental observations of coolant remaining 
in the system after rupture and decompression of the sendscale test loop 
(Reference 30).    The calculated containment pressure after blowdown varies 
from approximately 118 to 128 psla considerably below the design pressure 
of 155 psia.    Smaller break sizes resulting in a larger amount of energy 
transferred from the core to the containment could result in higher con- 
tainment back pressure after blowdown.    However,  for the break sizes 
analyzed the lower containment back pressure would Indicate an improvement 
in safety injection flow rate of approximately 10 percent over the nominal 
design value.    Also shown Is the core average fuel tenperature in the high 
heat flux axial region at the end of blowdown.    These temperatures indicate 
the relative heat generation and removal rates for the average core during 
blowdown and depend primarily upon the length of time of blowdown and the 
effective heat transfer coefficient calculated In RELAP-3.    These results 
appear to confirm that the double-ended guillotine break of the primary pipe 
Is the most severe break with respect to the clad temperature transient 
because of lower amount of energy removed during blowdown. 

The effect of the reactor coolant punp characteristics during blowdown 
was evaluated for the 0.6 DE slot break in the cold leg.    Two rases were 
examined; the first considered a break at the pump discharge with assumptions 
resulting in minimum pump resistance and the second case considered a break 
at the pump inlet.    For the break at the punp discharge it was assumed 
that the pumps remained running during the blowdown,  following the pump head 
curve until cavltatlon occurred.    For the break at the pump Inlet it was 
assumed that the pumps tripped at the time the break occurred due to a loss 
of power and that a resistance due to a free spinning rotor existed after 
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the pumps shutdown.    Table 8 summarizes  the assumptions usi^d  in  the two 
cases.    Figures 15 and 16 show the effects of the assumptions on the re- 
sistance across the punp and the flow rate through the break.    The more 
rapid blowdown for the case with the minimum pump resistance   (case 1) 
resulted in reduced heat removal from the core and consequently the more 
severe temperature transient.    These assumptions were used for the re- 
mainder of the cold leg breaks. 

TABLE 8 

REACTOR COOLANT PUMP ASSUMPTIONS 

Case    Break Location Pump Trip 
Pump Head 
after 

Cavitation 

Shutdown 
Pump 

Resistance 

1 Fump  Discharge 

2 Pump Inlet 

No 

Yes 

None 

None 

None 

Free Rotor 

B. CORE HEAT UP WITH PRESENT INJECTION SYSTEM 

The thermal response of the fuel and the cladding at the hot spot is 
calculated during blowdown and initial core heat up using THETAl-B. 
Initially after the break occurs, high convective and nucleate boiling 
heat transfer rates continue to prevail in the core.    However, as the 
blowdown proceeds conditions resulting in departure from nucleate boiling 
occur and the surface heat flux Is drastically reduced.    After the blow- 
down Is complete, the majority of the coolant inventory is lost and primary 
mechanism for removing heat from the core is through radiation and convec- 
tion to steam generated from coolant in contact with vessel walls beneath 
the core. 

The present MH-1A ECCS is designed to deliver coolant at  the rate of 
100 gpm, resulting in a time of approximately 6 minutes to refill the reactor 
vessel to the bottom of the core.    Thus, with the present system there 
exists an extended period of time in which steam cooling is relied upon. 
For the purpose of estimating the minimum time required before emergency 
cooling must become effective and of assessing the relative severity of the 
various cases, the assumption of no heat transfer at  the cladding surface 
was applied at the end of blowdown.    It is clear that this assumption is 
conservative and results in continued core heat up at a rate depending 
primarily on the stored energy in the fuel at the end of blowdown and 
the residual heat generation rate.    At teaperatures above approximately 
2100oF,  additional heat is added due to the reaction of cladding with steam. 
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Figures 17 through 19 shew the results of the hot spot temperature 
transient during blowdovn and the initial core heat up for the hot and 
cold leg double ended guillotine breaks and the pressurizer surge line 
break.    The boundary conditions  from RELAP-3 were used up until the end 
of blowdown at which time  zero heat  transfer was assumed at  the clad 
surface.    Fuel and clad temperatures, heat transfer coefficient, fluid 
temperature, and local quality and void fraction at the location of the 
hot spot are plotted for each case.    The plots of fuel and clad temperature 
variation with time Illustrate the redistribution of sensible heat in the 
fuel and cladding immediately following the rupture.    This effect results 
in the major source of clad heating up to about 20 seconds after the break. 
Following this time continued core heat up due to decay heat generation 
and metal water reaction occurs. 

The effect of continued cladding heat up following the double-ended 
hot leg break for specified volume percentages of the core is shewn in 
Figure 20.    The times f-r the cladding to reach 2300oF and the melting 
temperature of stalnlet     steel (2550oF) are shown in Table 9.    The calcu- 
lation performed for th.s curve assumed that there was no emergency cooling 
after blowdown but that sufficient steam was available for metal water 
reaction.    Redistribution of the initially peaked temperature profile occurs 
in approximately 20 seconds after which continued core heat up occurs at a 
rate depending on the decay heat level and local power peaking.    Figure 21 
plots the percent of metal water reaction as a function of time for the 
hot spot and overall core.    From this figure it can be seen that the metal 
water reaction becomes significant at temperatures above approximately 
21G0oF and rapidly Increases as the temperature rises. 

Table 10 presents the results of the clad tenperature calculation for 
each of the break conditions.    The values shown are for 30 seconds after 
rupture at which time redistribution of the clad and fuel temperature is 
essentially coiqplete.    The calculations conservatively assumed no emergency 
cooling after blowdown.    From these results the cold leg break appears to 
be in general more severe than the hot leg break due to the lower heat 
transfer during blowdown.    The amount of heat removed from the hot spot 
during blowdown largely determines the period of time remaining before the 
t-mergency cooling must become effective.    On this basis,  the minimum delay 
for the ECCS to become effective is approximately 30 seconds after the 
break.    This delay results from the conservative assumption that unlimited 
steam would be available for the metal water reaction but not for cooling 
the core.    In reality the actual delay time would be longer depending upon 
the amount of heat transfer occurlng due to radiation and convection after 
blowdown.    The effect of heat transfer at the hot spot during this period 
is discussed in Section VI-A. 
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TABLE 9 

TIME RLQUIRED FOR CLADDING TO REACH 2300oF AND MELTING TEMPERATURE 
OF STAINLESS STEEL FOR DE HOT LEG BREAK WITH NO EMERGENCY COOLING 

Percent of 
Clad Volume 

Time to Reach 
2300oF, sec 

Time to Reach Melting 
Temperature, sec 

0 (hot spot) 

2 

10 

25 

44 

78 

129 

250 

65 

101 

155 

300 

TABLE 10 

RESULTS OF CLAD TEMPERATURE TRANSIENT AT HOT SPOT 30 SECONDS AFTER 
BREAK  NO EMERGENCY COOLING 

Break Type 
Hot Spot 
Clad Temp 

0F 

% Metal 
Water Reaction 
(Local) 

DE Hot Leg Break (G) 

DE Hot Leg Break (S) 

SE Hot Leg Break (S) 

DE Break at Pun?) Discharge (G) 

DE Break at Pump Discharge (S) 

.6 DE Break at Pump Discharge (S) 

.6 DE Break at Pump Inlet (S) 

0.5 ft2 Break at Pump Discharge (S) 

0.18 ft2 Surge Line Break 

2091 

2075 

1796 

2290 

2163 

2275 

2167 

2284 

969 

.56 

.49 

.02 

2.27 

1.00 

2.08 

.98 

2.17 

0 
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VI.     REQUIRED EMERGENCY CORE CÜOL1SG SYSTEM Pi RFoR.'IANCt 

This section discusses the design and performance of  the MH-iA EC( S 
on the basis of the calculated results of the LOCA and AEC Interim Acceptance 
Criteria, and estimates the required cooling capability of the system. 
Consideration of the post blovdown environment in the vessel and heat sources 
in the core pertaining to the effectiveness of the ECCS are outlined. 

The primary requirement for the MH-IA ECCS is to provide reliable and 
effective core cooling within approximately 30 seconds after a large rupture 
in the primary piping by rapidly adding coolant into the vessel and core 
region.    For the MH-IA the loss of coolant inventory after a large break 
occurs within approximately four to six seconds.    This rapid blowdown is 
due primarily to the potentially large break size in a single loop system 
relative to the vessel size and coolant inventory in the system.    However, 
in a single loop system a large fraction of the coolant is forced to pass 
through the core region during blowdown and relatively large heat transfer 
rates exist in the core.    After blowdown the ECCS must be capable of con- 
trolling the decay heat generation until the cladding is quenched thereby 
reducing its temperature to that of the cuolant.    The semi-open lattice design 
of the MH-IA should promote good distribution of the coolant through the 
core region before and during core flooding.    After the core is quenched 
long term core cooling would be provided by the decay heat removal system. 
The primary requirement for this system is reliability due to the extended 
period of tiise it would be expected to operate following a LOCA. 

A.    HEAT REMOVAL CAPABILITY 

Following a rupture in the primary system the ECCS must function such 
that the fuel rod heat energy is removed, and uncontrolled cladding heat up 
is prevented.    The major sources of energy during the LOCA Include the 
initial stored energy in the fuel, the fission energy generated prior to 
complete shutdown from voids or control rod motion, the residual heat 
generation due to fission product decay, and possible metal water reaction 
energy. 

The heat transfer during blowdown removes a portion of the stored and 
fission energy in the fuel,  thereby lowering the average fuel temperature 
at the hot spot.    Following a rupture In the primary system,  redistribution 
of sensible heat occurs such that the cladding and fuel temperatures approach 
a conmon temperature approximately equal to the fuel average temperature 
after blowdown.    For the MH-IA the blowdown removes approximately öOCF 
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average tenperature  from the hot  spot.     Following blowdown  t:.-.  major aa-sc^ 
of heat in the fuel  is due to fission product  decay.    The heat   flux which 
nust be removed from the hot spot and average core as a  function of time 
after shutdown is shewn in Figure 22.    This curve is based upon the ANS 
Standard  (Reference 22)  for decay heat and the MH-1A power peeking factors. 
Above temperatures of approximately 2100oF the metal water reaction begins 
to become significant aiding additional heat which must be removed.    On 
this basis the heat transfer coefficient necessary to prevent continued 
heat up of the fuel and cladding above 2100oF,  assuming a sink temperature 
corresponding to saturated steam (340oF) , would be approximately 15 Btu/hr 
ft2oF. 

Figures 23 and 24 show the hot spot cladding temperature transients 
for the double ended hot and cold leg guillotine breaks assuming variable 
heat transfer coefficient at the end of blowdown and a sink tenperature 
of 340oF.    The actual heat transfer at the end of blowdown will depend on 
the calculated local conditions in the core region and can be determined 
using correlations for forced convection to steam (References 26 and 27) 
and radiation to steam and adjacent fuel rods  (Reference 28).    Other 
considerations would be the amount of steam available in the core region, 
cladding surface temperatures, and type of fluid flow existing in the 
coolant channels.    Conservative estimates of the radiation to satu- 
rated steam result in heat transfer coefficients of approximately 3  to 5 
Btu/hr ft2oF and the minimum convective heat transfer coefficient due  to 
laminar flow is approximately 3.5 Btu/hr ft2oF.    Thus,  If sufficient  steam 
were provided in the core region following blowdown, heat transfer coefficients 
of 6 to 9 or larger could be expected.    This would delay the time before 
effective cooling of the core is required by an additional 20 to 40 seconds 
or longer. 

After core flooding is Initiated heat transfer from the FLECHT data 
can be applied  (Reference 12).    The major differences between the FLECHT 
tests and the MH-1A Is the heated length of the fuel rods  (12 feet as opposed 
to 3 feet In the MH-1A)  and the elevation of the elevation of the peak power 
density  (6 feet in the FLECHT tests as opposed to less than one foot  in 
the MH-1A).    As a result of these differences,  effective cooling of the 
hot spot  in the MH-1A could be expected shortly after the coolant  reached 
the bottom of the core due to frothing and splashing of the coolant caused 
by steam generation in the flooded region.    Detailed calculations of  the 
refill and reflooding transient considering the improved system design will 
be required to determine the actual temperature time history of the cladding 
and the performance of the system relative to  the AEC Interim Acceptance 
Criteria. 
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B. DESIGW CONSIDERATIONS 

In general the design Improvements for the MH-1A ECCS should be con- 
cerned with ioprovlng the response time of the Injection system and 
providing sufficient redundancy and reliability In the system to assure 
effectiveness.    Specifically, the evaluation of the MH-1A ECCS should 
consider the means of cooling the core over the spectrum of breaks from 
a small leak to doii>le ended rupture of the primary pipe.    The emergency 
coolant for large breaks should be added in such a way that effective 
cooling of the core region could be accomplished rapidly after the break 
occurs.    Bottom flooding, as exists with the present system, and flooding 
from above the core could be considered.    Redundant systems would be 
desirable from the standpoint of the single failure criterion.    Testing of 
th^ injection system to demonstrate the actual flow rates achievable would 
aid in the evaluation of the Improved system.    The effect of loss of power 
and startup delays of the emergency power equipmeut should be evaluated and 
a means of periodically testing the operation of majo.- conponents to 
assure reliability and effectiveness of the systen should be included. 
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APPENDIX A 

EMERGENCY CORE COOLING SYSTEM 

The Emergency Core Cooling System presently installed in the MH-1A 
consists of emergency injection,  coolant charging and decay heat removal 
functions performed by the Coolant Charging and Chemical Addition System. 
This system is activated in the event of a loss of coolant accident so as 
to: 

a. Inject borated water into the reactor vessel in sufficient 
qiantity to recover the core and to render the reactor subcritical with 
all rods withdrawn. 

b. Provide emergency decay heat removal by injecting water into the 
reactor vessel imedlately following loss of coolant. 

c. Provide makeup with coolant charging pumps and long term core 
cooling. 

A brief description of the major conponents and operation of the 
system in the event of a LOCA is presented below: 

Emergency Coolant Injection.   The emergency injection system is illustrated 
in Figure A-l.    This system consists of an Injection tank, twelve bottles 
of conpressed gas,  four solenoid valves, two check valves and associated 
piping.    The emergency injection tank is a 350 cubic foot tank located 
on the platform deck in the reactor access compartment.    The design pres- 
sure of the tank is 235 psig and design temperature is 1250F.    The injection 
tank contains a minimum of 1000 gallons of borated water which is sufficient 
coolant volume to recover the core.    The compressed gas is contained in 
twelve bottles located on the upper deck in the gas bottle storage room. 
The bottles are arranged in two banks of six, each bank connected to the 
injection tank by a line containing a solenoid valve.    Upon coincident 
signals of low pressurizer pressure and high containment pressure, both 
solenoid valves open allowing the gas to pass through the pressure regu- 
lating valves and into the Injection tank, thus providing the necessary 
pressure to force the borated water from the tank into the reactor vessel. 
Redundant solenoid valves assure that emergency coolant is provided if one 
of the valves in the pressurizing or coolant injection lines should fall. 

Coolant Charging and Decay Heat Removal.    The emergency coolant charging 
system consists of a 10,000 gallon emergency water storage tank located 
external to the containment vessel, piping and valves which connect the 
tank to the reactor vessel fill nozzle line, and two positive displacement 
charging pumps.    Upon a LOCA actuation signal one charging punp is started 
automatically from the 450 volt emergency bus providing 8.5 gpm continuous 
makeup flow to the reactor vessel in addition to emergency coolant flow from 
the injection tank.    There is sufficient water in the emergency water 
storage tank to remove the equivalent of the first five days of decay heat 
generation.    Since the tank water can be replenished, the core can be kept 
submerged indefinitely.    Electrical power for charging pumps Is backed up 
by three Independent diesel generators and the emergency diesel as well as 
onshore power when MH-1A is connected to a dependable power grid. 
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APPENDIX B 

PRIMARY SYSTEM GEOMETRY AND INITIALIZATION 

RELÄP-3 enploys a one dimensional representation of the primary syster. 
in terns of fluid volume elements and junctions describing the plenums 
piping, reactor core, steam generator, pressurizer, and containment. 
Junctions can model punps or check valves and can simulate leak or fill 
water sources.    Input data describes the interconnection of system volumes. 
physical dimensions of the elements, and initial steady state conditions. 
Table B-l briefly summarizes data for the MH-1A model representing a single 
ended hot leg riot break shown in Figure 1 of the main text.    Other models 
are similar except for break type and location. 

Appropriate data describing the initial steady state conditions in the 
system is supplied to the code.    The initial pressure and tenperatures 
distributions, mass flow rate, and power level are specified assuming that 
the power produced in the core is being removed by steam generator. 
Friction coefficient data required for the solution of the momentum equation 
is calculated internally in RELAP-3 based on the specified input pressure 
distributiot. and flow.    If the initial flow through a junction is zero,   then 
the friction coefficient is supplied.    Similarly the TCsistance of the pumps 
after shutdown is provided as discussed in Appendix C. 

The time dependent solution is determlnei in RELAP-3 by integrating the 
equations describing mass, energy, and momentum balances for each of the 
elements using the thermodynamic equations of state to obtain the fluid 
properties.    The contents of volume elements during blowdown are assumed to 
be homogeneous.    Fluid properties are considered uniform with the pressure 
occurring at the center of gravity.    Various effects such as pump charac- 
teristics, reactivity feedback, choked flow, core and steam generator heat 
transfer, and safety Injection are taken into account during the transient 
solution. 
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TABLE ß-1 

SDMMARy OF RELAP-3  INPUT DATA FOR MH-1A MODEL 

SINGLE ENDED HOT LEG BREAK 

Volume Data 

Volume Volume Elevation* Initial 
No. Descrlptio.i (ft3) (ft) Pressure 

(psia) 

1 Reactor Inlet Plenum 64 0.0 1508 
2 Core Volume 1 7,3 4.41 1507 
3 Coze.Volume 2 7.3 5.14 1507 
4 Coze Volume 3 7.3 5.88 1507 
5 Core Volume 4 7.3 6.62 1506 
6 Reactor Outlet Plenum 74 7.36 1502 
7 Hot Leg Piping 19 7.56 1500 
8 ?ressurizer 138 6.24 1500 
9 Surge Line 4.9 7.78 1500 

10 Steam Gen.  Inlet 18 7.63 1498 
11 Tube Volume 1 5.1 10.21 1497 
12 Tube Volume 2 5.1 12.34 1496 
13 Tube Volume 3 5.1 14.47 1495 
14 Tube bends 4 7.3 16.60 1493 
15 Tube Volume 5 5.1 14.47 1490 
16 Tube Volume 6 5.1 12,34 1489 
17 Tube Volume 7 5.1 10.21 1488 
18 Steam Gen. Outlet 15 7,63 1485 
19 Cold Leg Piping 16 7,63 1516 
20 Reactor Downcomer 44 0.0 1508 
21 Primary Containment 23016 0,0 15 

^Dimension    from reference level to lower elevation of volume 
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TABLE B-l  (cont'd) 

SIWMARY OF RELAP-3 INPUT DATA FOR MH-1A MODEL 

SINGLE ENDED HOT LEG BREAK 

Junction Data 

Junction 
No. 

From 
Volume 

To 
Volume 

Minimum 
Flow Area 
(ft2) 

Junctior 
Heigjit 
Aft)  

1 1 2 9.67 4.4 
2 2 3 9.67 5.2 
3 3 4 9.67 5.9 
4 4 5 9.67 6.6 
5 5 6 9.67 7.4 
6 6 7 0.667 9.1 
7 8 9 0.18 8.2 
8 9 7 0.18 8.2 
9 7 10 0.667 8.0 

10 10 11 2.38 10.2 
11 11 12 2.38 12.3 
12 12 13 2.38 14.5 
13 13 14 2.38 16.6 
14 14 15 2.38 16.6 
15 15 16 2.38 14.5 
16 16 17 2.38 12.3 
17 17 18 2.38 10.2 
18 18 19 .473 8.1 
19 19 20 .667 9.1 
20 20 1 1.046 0.32 
21 (Fill System) 20 0.0089 11.6 
22 7 21 0.667 9.5 

Initial Parameters 

Power 49.5 MWt 
Coolant heating rate 1.69xl08 Btu/hr 
Flow rate 1080 lb/sec 
Total mass 18,407 lb 
Total energy 1.03xl07 

B-3 
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APPENDIX C 

PUMP REPRESENTATION 

The effects of the reactcr coolant pumps on the system blowdown are 
represented in the analysis.    The prioary effects simulated include the 
pump head versus flow characteristics, pun?» cavitation, coastdown fol- 
lowing pump trip, and flow resistance across the pumps after shutdwn. 
The reactor coolant pumps in the MH-1A consist of two single stage 
centrifugal pimps connected in parallel by a piping volute assembly. 
Table C-l shows the nominal speed punp head versus flow curve for paral- 
lel performance used to represent the primary pumps in RELAP-3.    This 
curve Is based on the manufacturer's test data (reference 3) conserva- 
tively extended to the range of flows encountered in a LOCA. 

The loss of effectiveness of the pumps due to cavitation and flow 
coastdown (if pump trip is assumed) is evaluated in RELAP-3 from the 
following equation: 

AP Pump ' ^ Ap pump (w) (C-l) 

where: 

AP pump  (w) 

PA 

fl 

Fl 

PD 

f2 

normal pump head from flow characteristic curve,  ft 

fluid density at pump junction,  lb/ft3 

1.0 - Fi (Pjj-Pj)2, loss of effectiveness 0<fi_<L.O 

cavitation constant  (empirical) 

pressure at inception of cavitation 

Py + F2P£ A** 

vapor pressure at pump inlet, psla 

NPSH, ft 

pump coastdown multiplier 

The term f2 simulates the loss of effectiveness due to pump coastdown and 
is applied If loss of power to the pumps Is assumed.     If no pump trip 
occurs then f2 remains equal to one.    The coastdown multiplier for loss 
of power to both pumps was developed from an approximation of the pump 
characteristics and is consistent with flow coastdown reported in 
Reference 11.     The shutdown resistance of the pumps  following flow 
coastdown was determined from manufacturer's  test data and Is defined 
in RELAP-3 as: 

C-l 
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k      =     [Ap pump]  pL 
s jwi!    !wll 

where: 

Ap pump = pump pressure differential, psi 

PL = coolant density at pump junction, lb/ft3 

»i - average flew across pump junction,  lb/sec 

kg « pump shuLdovn resistance 

Table C-2 shava calculated shutdovn resistances based on the above equation 
for various pump Impeller conditions.    Also shown are additional parameters 
used to represent the MH-1A coolant pumps in the analysis.    The pump net 
positive suction head (NPSH) specified by the manufacturer was assumed and 
a conservative cavitation constant was selected so as to result in a rapid 
loss of effectiveness upon cavltation. 

TABLE C-l 

MH-1A NOMINAL SPEED PUMP HEAD VERSUS FLOW INPUT DATA 
(Parallel Performance) 

___                                                                              Head 

 SES £t  

-8000 170 

+2000 160 

4000 152 

6000 144 

8000 132 

10,200 HO 

12,000 80 

14,000 44 

16,000 0 

100,000 0 

C-2 9  November  19" 
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I'AaLE C-2 

MH-iA PRIMARY COOLANT PUMP DATA 

Number of Pumps 2 

Type Centrifugal 

Pump MPSH, ft 100 

Cavitation constant (empirical) .0018 

Pump sbutdcwn resistance* (490°F) 
Free rotors 
One locked rotor 
Two locked rotors 

5.0 x 
7.9 x 

10.8 x 

IO-'* 
10-'* 
io-* 

*From equation C-2 based on manufacturer's test data. 
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APPENDIX D 

REACTOR KINETICS 

The reactor kinetics calculation in RELAP-3 is a point kinetics model 
with appropriate reactivity feedback effects.    The standard reactor kinetics 
equations used in the program are: 

«here: 

dn 
dt 

- 8* IB. 
1* ß* 

-ljn 

6 

i=l 
Ai Ci 

dCl 
dt 

- -h Ci + ß* n 

t m time. sec 

n - reactor fission power, Btu/sec 

P m total reactivity. Ak/k 

0^ ■ effective delved neutron fraction of the i^ group 

ß* ■ effective delayed neutron fraction 

^i ■ decay constant of i"1 delayed neutron group, sec-1 

I* ■ neutron generation time, sec 

Cj_ • precursors concentration for 1^ delayed neutron group 

Also included is a determination of gamma heating due to decay of the 
fission products. The total power is calculated as the sum of the contri- 
butions from the Instantaneous fission rate and decay of the fission 
products. All power is assumed to be generated in the fuel elements, 
direct gamma heating of the coolant not being considered. 

The major reactivity feedback effects included in the kinetics equa- 
tions are contributions from control rod motion, moderator voids, moderator 
temperature, and Doppler broadening. The reactivity Is input either 
explicitly as a function of time as with reactivity Insertion due to reactor 
trip or implicitly through core feedback mechanisms determined from coolant 
density, coolant temperature, and fuel temperature for each core volume. 
The total reactivity is determined by summing up the Individual contributions, 
The initial value of reactivity is assumed to be zero corresponding to a 
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steady-state equilibrium condition.    Reactivity feedback from the moderator 
temperature and voids is expressed in terms of a linear negative  feedback 
coefficient closea so as to result in a conservative power transient during 
blovdoim.    Nonlinear Doppler feedback is input in the form of a curve of 
reactivity versus effective fuel element temperature based on the Doppler 
coefficient shovn in Figure D-l.    Table D-l summarizes die reactivity coef- 
ficients and nuclear constants which were used to represent the MH-1A in 
the reactor kinetics calculations in RELAP-3.    The dominant influence on 
the core power transient results from the moderator void feedback coeffi- 
cient and this coefficient Is input as a conservatively low negative value. 

TABLE D-l 

REACTOR KINETICS DATA FOR MH-1A CORE 

£        Mean neutron lifetime, sec 
fj*      Effective delayed neutron fraction 

ßl > 

ß2 ; 
63 v. Effective Neutron Fraction for l** Group 

&** . 
35 ' 
66 / 

X2 I 
X3 '> Decay Constant for I"1 Group, sec"1 

X5 
X6, 

oT  Moderator Coefficient (BOL) dk/
0F 

zero power (68°F) 
full power (490°F) 

aD  Doppler Coefficient (See Fig. D-l) dk/
0F (UO2) 

zero power (680F, 0 MW) 
mil power (4909F, 45 MW) 

ay (1) Void Coefficient dk/% void 

1.3 x IQ- 5 

.007015 

.00027 

.00149 

.00132 

.00285 

.00090 

.00018 

.0127 

.0317 

.115 

.311 
1.40 
3.87 

-0.6 x 10" •1+ 

-2.5 x 10" •1* 

-2.6 x 10" ■5 

-1.6 x 10" ■b 

-2.2 x 10" -3 

(1) Nominal value - reduced by 25% in analysis 
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APPENDIX E 

TIME STEP SIZE 

RELAP-S utilizes a forward finite differeiice approximation as its 
numerical advancement technique.    Since the same time step size is used 
for all volumes and junctions, the stability of the solution is controlled 
by the most sensitive element of the model.    The time step size must be 
smaller than the natural oscillation period of this element by a factor 
of 5 to 10 or numeric instabilities can result.    An appropriate time step 
is given by: 

A t «(2ir/na)/ V £/A 

where 

n -   5 to 10 

a « Velocity of sound in medium contained in volume 

V - Volume of fluid 

Ä/A » Path inertia 

In the analysis the most restrictive element was determined for each 
model and the time step for stability was calculated using the element 
dimensions and the acoustic velocity of the fluid in the element. A 
factor of n " 10 was used. The accuracy of the computer solution was 
verified by reducing the time step by one half and observing the calculated 
results. Comparison of the initial core flow rates and fuel temperatures 
showed no significant differences. Increasing the time step above the 
criterion resulted in numerical instability. Other cases used initial 
time steps consistent with the stability criterion with the factor n * 10 
to reduce the time step below the natural frequency. 

Later in the problem solution, ether types of numeric instability 
due to mass and energy flow could occur. The time steps in this region 
of the problem were selected so as to prevent the fluid mass or energy 
transfer during a time increment from becoming large relative to mass 
or energy contents of the element. 
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APPENDIX F 

FUEL ROD PROPERTIES 

The variation of fuel rod properties with temperature was considered 
in the analysis.    The high temperature property data incorporated in 
THETA 1-B is summarized in Table F-l and Figures F-l and F-2.    The figures 
show    the thermal conductivity and heat capacity of stainless steel and 
UO2 fuel, respectively.    Data for stainless steel was taken from 
Reference 23.    The temperature dependent conductivity was based on 
conpositc data for austenitic stainless steel with the error considered 
+ 5 percent.    Above 1330oF the thermal conductivity was conservatively 
assumed constant since the rate of increase may be limited by oxide 
formation.    The heat capacity of the cladding was computed based on the 
chemical composition of the alloy assuming 18 percent chromium and 8 
percent nickel with the remainder being iron.    Heats of transformation 
corresponding to phase changes in Fe were assumed at temperatures of 
approximately 1400 and 1670oF.    The melting temperature of the cladding 
was taken as 2550oF, the recommended lower limit for austenitic stainless 
steel.    The UO2 property data in THETA 1-B was based on the information 
in Reference 23.    The correlations used in the code are reported in 
Reference 8. 

TABLE F-l 

HIGH TEMPERATURE PROPERTY DATA OF FUEL ELEMENT MATERIALS 

Stainless Steel 
(Ref.  23) 

U02 
(Ref.  8.23) 

1. Meltitkg point, 0F 2552-2659 5072 

2. Latent heat.of fusion 
Btu/lb 

Cr 
121 

Fe    '      Ni 
119          129 

67.5 + 1.8 

3. Coefficient of thermal 
expansion in/in 0F 

1.12 x 10"5 

mean coefficient 
(32   •  18320F) 

3.72 x 10-5+1.787 
IG"9 T    T in 0F 

(32-4082oF) 

4. Density @ 770F, 
lb/ft3 

493 650 
(95% theoretical density) 

5. Thermal conductivity 
Btu/hr ft0F 

6. Heat capacity, Bfu/lb0F 

(32-13640F) 
Figc F-l 

Fig. F-l 

Fig. F-2 

Fig. F-2 
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APPENDIX G 

METAL WATER REACTION 

When raised to high tenperatures in the presence of steam or water 
vapor, stainless steel cladding can react with steam to form metal oxides 
and hydrogen.    This reaction is exothermic and the energy release can 
contribute to the clad temperature transient.    The effects of the stain- 
less steel - water reaction are represented in THETA1-B by means of the 
parabolic rate lav.    The reaction between stainless steel and steam 
proceeds relatively slowly at low temperatures, but the rate rapidly 
increases as metal approaches Its melting tenperature.    The reconmended 
equation for stainless steel (Reference 23) In terms of the weight gain 
due to oxidation of the clad above 180C*F is: 

w2/t « 2.4 x ID12 exp  [84,300 ± 2400], mg2 (0)/cml*sec (oi) 
RT 

where w is the weifht gain (oxygen) per unit surface area in mg/cm2, 
t is the time in seconds, R is the gas constant in cal/mole aK, and 
T is tue absolute tenperature.    The heat of reaction for the above 
process la about 254 cal/gm of stainless steel oxidized in the solid 
state (Reference 24).    For purposes of analysis the major reaction pro- 
duct formed is assumed to be Fe^O4 although other oxides may be present. 
In THETA1-B the rate equation is expressed in terms of the amount metal 
reacted as follows: 

i£     »    _J      exp  (-AE/RT),  in/sec (G-2) 
dt (r-r0) 

where:    r « radius of unreacted metal in clad, in 
ro *■ original radius of unreacted clad, in 
t = time, seconds 
K a rate lav constant, in2/sec 

AE =» activation energy, cal/mole 
R - gas constant, cal/mole "K 
T - cladding tenperature, "K 

In the above relation,  (r^rjj) represents the oxide 
layer which retards the reaction in proportion to its thickness.    The 
rate constant  (R) is related to the pre-expotential factor of the rate 
equation (A) as follows: 

TT -i ft c/x2    » in2/sec (G-3) tQW- (2.54)^ 
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where A is expressed in terms cf mass of metal  (Fe)  reacted per unit surface 
area per sec quantity   squared in gnrVcsSec2  and pm is the density of stain- 
less steel in gm/cc.    At relatively high temperatures the reaction may be 
limited by the availability of steam at the oxide sutface.    For conserva- 
tism no steam limiting is permitted, in the analysis,  i.e., the rate of 
reaction is assumed to equal the rate calculated by equation G-2.    At 
temperatures approaching the melting point of stainless steel (^2550°?) 
a sudden rapid increase in surface area and reaction rate is observed. 
For engineering purposes it is conservatively assumed that 100 percent 
reaction occurs if the cladding reaches the melting temperature.    Actually 
the percent reaction would again be limited by diffusion of steam to the 
reacting surface.    Table G-x rummarizes the metal water reaction constants 
used in the analysis. 

TABLE G-l 

METAL WATER REACTION CONSTANTS 

Material Stainless Steel 

Melting point, 0F 2550 

Density, gm/cc 8 

Heat of reaction,  cal/gm 254 

Ratio of mass of Fe to 
mass of oxygen reacted 2.61 

AE activation energy, cal/mole 84,300 + 2400 

K rate la» constant, in2/sec 1.985 x 101* 

R gas constant, cal/mole "K 1.987 
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